Abstract 3,4-Methylenedioxymethamphetamine (MDMA; Ecstasy) is a popular drug of abuse with well-documented acute effects on serotonergic, dopaminergic, and cholinergic transmitter systems, as well as evidence of long-term disruption of serotoninergic systems in the rat brain. Recently, it was demonstrated that MDMA evokes a delayed and sustained increase in glutamate release in the hippocampus. The purpose of the present study was to determine the role of inflammatory mediators in the MDMA-induced increase in glutamate release, as well as the contribution of inflammatory pathways in the persistent neurochemical toxicity associated with repeated MDMA treatment. Treatment with the non-selective cyclooxygenase (COX) inhibitor ketoprofen and the COX-2 selective inhibitor nimesulide attenuated the increase in extracellular glutamate in the hippocampus evoked by repeated MDMA exposure (10 mg/kg, i.p., every 2 h); no attenuation was observed in rats treated with the COX-1 selective inhibitor piroxicam. Reverse dialysis of a major product of COX activity, prostaglandin E 2 , also resulted in a significant increase in extracellular glutamate in the hippocampus . Repeated exposure to MDMA diminished the number of parvalbumin-positive GABA interneurons in the dentate gyrus of the hippocampus, an effect that was attenuated by ketoprofen treatment. However, COX inhibition with ketoprofen did not prevent the long-term depletion of 5-HT in the hippocampus evoked by MDMA treatment. These data are supportive of the view that cyclooxygenase activity contributes to the mechanism underlying both the increased release of glutamate and decreased number of GABA interneurons in the rat hippocampus produced by repeated MDMA exposure.
Introduction 3,4-Methylenedioxymethamphetamine (MDMA, Ecstasy) has generally been viewed as selectively neurotoxic for 5-HT axon terminals in view of the well documented reductions in brain 5-HT concentrations, 5-HT uptake sites, 5-HT transporter immunoreactivity and reductions in 5-HT immunoreactive fibers following repeated exposure to MDMA (c.f., Green et al. 2003; Gudelsky and Yamamoto 2003) . Moreover, MDMA-induced 5-HT neurotoxicity has been considered to resemble a distal axotomy affecting 5-HT axon terminals (Xie et al. 2006) .
However, there are several reports that treatment of rats with MDMA produces neuronal degeneration in several brain regions, including the hippocampus (Kermanian et al. 2012; Riezzo et al. 2010; Schmued 2003; Wang et al. 2009; Warren et al. 2007) . Investigators from these and other studies have concluded that MDMA promotes apoptotic cell death on the basis of increases in caspase-3, TUNEL staining and altered Bcl-2 family gene expression produced by MDMA (Meyer et al. 2004; Asi et al. 2012; Riezzo et al. 2010; Wang et al. 2009 ). Consistent with these data, Capela et al. (2007 Capela et al. ( , 2012 have reported that MDMA promotes apoptotic cell death in cultured cortical and hippocampal neurons in vitro. Although these data support the view that MDMA neurotoxicity extends beyond 5-HT axon terminals to neuronal cell bodies themselves within the hippocampus, the identity of neurons potentially damaged by MDMA has not been established.
A recent report from our lab documented the finding that MDMA produces a delayed and sustained increase in the extracellular concentration of glutamate in the hippocampus (Anneken and Gudelsky 2012) . The MDMA-induced increase in hippocampal glutamate release was suppressed by fluoxetine and the 5-HT2 antagonist ketanserin, but was still evident in the presence of tetrodotoxin. Anneken and Gudelsky (2012) concluded that 5-HT, released by MDMA, activates 5-HT2A/C receptors, thereby promoting the release of glutamate, presumably from astrocytes, in the hippocampus.
Although the consequences of an increased release of hippocampal glutamate by MDMA are unknown, several studies suggest that hippocampal neurons are vulnerable to excitotoxic effects of elevated glutamate through the activation of glutamate receptors. For example, parvalbumin-positive GABA neurons in the hippocampus express Group 1 metabotropic glutamate receptors (Kerner et al. 1997) , as well as AMPA receptors containing GluR1 and GluR3 subunits, but not GluR2 subunits (Moga et al. 2003) . In support of this vulnerability, parvalbumin-positive GABAergic neurons are selectively vulnerable to the toxic effects of kainic acid, an effect blocked by glutamate antagonists (Sanon et al. 2005) .
Given the aforementioned reports that 1) MDMA produces neuronal damage in the hippocampus, 2) MDMA increases glutamate release in the hippocampus and 3) parvalbumin-positive GABA neurons in the hippocampus are sensitive to glutamate-mediated neurotoxicity, the present study was undertaken to evaluate the effects of repeated exposure to MDMA on parvalbumin-positive GABA neurons in the dorsal hippocampus. In view of the findings that MDMA-induced glutamate release is dependent upon 5-HT2 receptor activation and that 5-HT2 receptor activation appears to increase the activity of cyclooxygenase (COX), we also sought to ascertain the role of COX in the effects of MDMA on hippocampal glutamate release and PV-positive GABAergic neurons.
Materials and methods

Animals and drug treatments
Adult male Sprague-Dawley rats (250-350 g) (Harlan Laboratories, Indianapolis, IN) were used in this study. Animals were given free access to food and water in a temperature and humidity controlled room. The animals were singly housed following cannula implantation until the day of the experiment. All procedures were performed in adherence to the National Institutes of Health guidelines and were approved by the institutional animal care and use committee.
MDMA was generously provided by the National Institute on Drug Abuse (Bethesda). Ketoprofen and piroxicam were obtained from Sigma-Aldrich (St. Louis, MO), while nimesulide and prostaglandin E 2 were obtained from Tocris Bioscience (Ellisville, MO). MDMA was dissolved in 0.15 M NaCl and injected i.p. at a dose of 10 mg/kg at 2 h intervals for a total of 2 or 3 injections. Ketoprofen was dissolved in a 30 % Transcutol solution and administered in 3 injections at a dose of 5 mg/kg, s.c., 1 h prior to and 1 h and 3 h following the first MDMA injection. Both piroxicam and nimesulide were delivered in a 2 % polyvinylpyrrolidone suspension. Piroxicam was administered as 3 injections at a dose of 3 mg/kg, i.p., in the same time course as ketoprofen. Nimesulide was administered as 3 injections at a dose of 7.5 mg/kg, i.p., also on the same time course. Prostaglandin E 2 (PGE 2 ) was dissolved in the dialysis buffer and was administered by reverse dialysis through the probe at a concentration of 30 μM for 1.5 h and then at 100 μM for an additional 1.5 h. Doses of COX inhibitors were based on those used in previous studies (Asanuma et al. 2003; Candelario-Jalil et al. 2004; Terao et al. 1998 ).
Microdialysis
Rats were implanted with a stainless steel guide cannula under ketamine/xylazine (70/6 mg/kg, i.p.) anesthesia 48-72 h prior to the insertion of the dialysis probe. On the evening prior to the experiment, a concentric style dialysis probe was inserted through the guide cannula into the dorsal hippocampus; the coordinates for the tip of the probe were: A/P, -3.6 mm, L, 2.0 mm, and D/V −4.0 mm. The active portion of the membrane for the probes was 2.0 mm. The probes were connected to an infusion pump set to deliver modified Dulbecco's phosphate buffered saline containing 1.2 mM CaCl2 and 5 mM glucose at a flow rate of 1 μl/min overnight. On the morning of the experiment, the flow rate was increased to 2 μl/min and the probes were allowed to equilibrate for 1.5 h. Three collections were then taken at 30 min intervals to establish values; thereafter, samples were collected every hour for the duration of the experiment. Data were calculated as a percentage of the baseline value for glutamate which was obtained by averaging the three baseline samples.
HPLC glutamate analysis
Glutamate was derivitized according to the method described by Donzanti and Yamamoto (1988) and quantified by HPLC with electrochemical detection, as described previously (Anneken and Gudelsky 2012).
Analysis of tissue serotonin (5-HT)
All tissue samples were homogenized in 0.2 N perchloric acid. Concentrations of 5-HT were determined via HPLC in 20μL aliquots of supernatants from tissue homogenates, as described previously (Shankaran et al. 2001 ).
Tissue preparation for GABA neuron counts Rats were deeply anesthetized with ketamine hydrochloride (70 mg/kg, ip) and xylazine (6 mg/kg, ip) and were transcardially perfused with 0.1 M PBS (100 mL) prior to the perfusion with 4 % paraformaldehyde (400 mL). Brains were removed and post-fixed for 2 h in 4 % paraformaldehyde before cryoprotection in a series of glycerol solutions; 10 % glycerol with 2 % dimethylsufide (DMS0) in 0.1 M PBS overnight, followed by 20 % glycerol with 2 % DMS0 in 0.1 M PBS overnight. The following day, brains were flash frozen in 2-methylbutane for 30 min. Coronal sectioning was at a thickness of 50 μm through the dorsal extent of the hippocampus (approximately −3.30 mm to −4.80 from bregma, (Paxinos and Watson 1998) as described previously (Muller et al. 2001) . Each section was collected in four uninterrupted series with a 200 μm section interval and stored in 15 % glycerol in 0.1 M PBS at −80°C until immunostaining.
Parvalbumin immunostaining
Free-floating brain sections were stained for parvalbumin. Sections were washed in 0.1 M PBS and then treated with 1 % H2O2 for 20 min room at temperature (RT). After several washes, the sections were blocked for 1 h at RT with 3 % normal goat serum (NGS; Invitrogen, Carlsbad, CA, USA) in 0.1 M PBS containing 0.5 % Triton-X 100 and Avidin block (Vector Laboratories, Burlingame, CA, USA). Sections were then incubated for 36 h at 4°C with a mouse monoclonal parvalbumin antibody (1:3000; Swant, Bellinzona, Switzerland) in 0.1 M PBS containing 0.5 % Triton-X 100, 1 % NGS and Biotin block (Vector Laboratories). Sections were washed and incubated in goat anti-mouse secondary antibody (Millipore, Billerica, MA, USA) for 2 h at RT followed by incubation in avidin-biotin-horseradish peroxidase (Vectastain Elite ABC Kit; Vector Laboratories) for 2 h at RT. Sections were washed and developed in diaminobenzidine.
Quantitative cell counts
Stereological estimations of the total number of parvalbuminimmunoreactive (PV-ir) interneurons were assessed using a BX51 Olympus microscope equipped with a DVC camera interfaced with StereoInvestigator 8.21 software (MBF Bioscience, Williston, VT, USA). A modified optical fractionator technique (Gundersen et al. 1999; West et al. 1991 ) was used to quantify neurons throughout the right dorsal hippocampus. Pilot studies were used for sampling procedures to ensure that the coefficient of error (Gundersen et al. 1999 ) was less than 1 % for all counts. All slides were coded and the code not broken until the end of quantitative analysis. Every fourth section was systematically sampled and all subfields (dentate gyrus [DG] and cornu ammonis 1 and 3 [CA1 & CA3]) were outlined using a 5X objective. The DG included the hilus and subgranular zone, but not the principle cell layer of the CA3. Counting was performed using a 60X oil objective (NA 0.16). Due to the limited number of PV-ir interneurons in the DG, exhaustive sampling was performed with grid dimensions of 100 μm x 100 μm and a sampling area of 100 μm x 100 μm. For both the CA1 and CA3 subfield, the grid dimensions were 200 μm x 300 μm with a sampling area of 300 μm x 300 μm. Guard zones above and below the dissector were not used due to the massive tissue shrinkage during processing, as previously described (Czeh et al. 2005; Lister et al. 2006 ).
Statistical analysis
All microdialysis data were analyzed using two-way repeated measures ANOVA, and multiple pairwise comparisons were performed using post-hoc analysis with the StudentNewman-Keuls test. Tissue 5-HT data were analyzed using a two-way ANOVA, as were the stereological neuron counts. Treatment differences were considered statistically significant at p<0.05.
Results
Ketoprofen and nimesulide, but not piroxicam, attenuate the MDMA-induced increase in extracellular glutamate concentrations in the rat hippocampus.
The involvement of cyclooxygenase (COX) activity in the MDMA-induced increase in extracellular glutamate in the rat hippocampus was investigated using the nonselective COX inhibitor ketoprofen. Rats received injections of vehicle or ketoprofen (5 mg/kg, s.c.) 1 h prior to and 1 h and 3 h following the first injection of MDMA (10 mg/kg, i.p.). As shown in Fig. 1 , ketoprofen significantly attenuated (p<0.05) the increase in the extracellular concentration of glutamate in the hippocampus evoked by 2 injections of MDMA. A two-way repeated measures ANOVA revealed a significant effect of treatment (F (3,286) 03.27; p<0.05).
The relative contribution of each isoform of COX to the increased efflux of hippocampal glutamate elicited by MDMA was assessed using the relatively specific inhibitors piroxicam (COX-1) and nimesulide (COX-2) (Fig. 1, inset) . Piroxicam (3 mg/kg, i.p.), nimesulide (7.5 mg/kg, i.p.), or vehicle was administered 1 h prior to and 1 h and 3 h following the initiation of MDMA treatment (10 mg/kg, i.p.). A two-way repeated measures ANOVA revealed a significant treatment effect (F (3,169 )012.00; p<0.001) as well as a significant effect of time (F( 10,169 )02.86; p<0.01) and a significant treatment x time interaction (F (30,169) 02.44; p< 0.001). Results of the ANOVA revealed no significant difference in the glutamate reponses of animals treated with piroxicam + MDMA and those receiving MDMA alone (p>0.05). In contrast, nimesulide significantly diminished (p<0.05) the MDMA-induced increase in the extracellular concentration of glutamate. Treatment with the COX inhibitors alone did not significantly alter glutamate concentrations (data not shown).
Reverse dialysis of prostaglandin E 2 increases extracellular glutamate concentration in the rat hippocampus
The local effect of inflammatory mediators on hippocampal glutamate was assessed using reverse dialysis of prostaglandin E 2 (PGE 2 ), the most biologically active product of COX activity. PGE 2 was delivered in the dialysis buffer at a concentration of 30 μM for 1.5 h and was continued at 100 μM for another 1.5 h. As shown in Fig. 2 , PGE 2 produced a significant elevation (p<0.05) in the extracellular concentration of glutamate in the hippocampus when compared to control animals; this was evident at the end of the 30 μM perfusion and during the 100 μM perfusion. Results of the ANOVA revealed a significant main effect of drug treatment (F (1,87) 015.18; p<0.01).
Ketoprofen prevents the MDMA-induced reduction in parvalbumin-positive GABA neurons in the dentate gyrus
The effects of MDMA on a subpopulation of GABAergic neurons in the hippocampus was determined. Figure 3a ,b illustrates the effect of MDMA on parvalbumin-immunoreactive GABA neurons in the dentate gyrus. Repeated treatment with MDMA (Panel B) resulted in a significant (p<0.05) reduction of approximately 36 % in pavralbumin-positive GABA neurons in the dentate gyrus compared to control animals (Panel A). There was no significant effect of MDMA on these cells in the CA1 or CA3 regions (data not shown). Notably, the MDMA-induced reduction in parvalbumin-immunoreactive GABA neurons was not evident in rats treated with ketoprofen (Fig. 3c) . The number of parvalbumin-positive neurons in the dentate gyrus of rats treated with ketoprofen + MDMA was significantly (p<0.05) greater than that in rats treated with vehicle + MDMA.
Ketoprofen does not prevent the MDMA-induced depletion of 5-HT in the rat hippocampus
In order to ascertain whether inhibition of COX activity also would afford protection against the long-term reductions in biochemical markers of 5-HT axon terminals produced by MDMA, rats were treated with the previously described regimen of ketoprofen or vehicle, and concomitantly administered MDMA (2×10 mg/kg, i.p.) or vehicle. Concentrations of 5-HT in the hippocampus were determined 7 days following MDMA treatment. The hippocampal concentration of 5-HT was depleted by approximately 25 % (p<0.05) in rats 
Discussion
The key findings of the present study include the demonstration that 1) the MDMA-induced increase in the extracellular concentration of glutamate in the hippocampus is attenuated in rats treated with ketoprofen and nimesulide, but not piroxicam, 2) infusion of PGE 2 produces a significant increase in the extracellular concentration of glutamate, 3) MDMA reduces the number of parvalbuminpositive neurons in the dentate gyrus of the hippocampus, an effect attenuated by ketoprofen and 4) ketoprofen does not attenuate the depletion of 5-HT in the hippocampus produced by MDMA.
We have previously reported that MDMA produces a delayed and sustained increase in the extracellular concentration of glutamate in the hippocampus, but not in the striatum or prefrontal cortex (Anneken and Gudelsky 2012). Moreover, fluoxetine and ketanserin, a 5-HT2A/C antagonist, were found to suppress the glutamate response to MDMA, and it was suggested that MDMA increases glutamate release in the hippocampus subsequent to an increased release of 5-HT and increased activation of 5-HT2A/C receptors (Anneken and Gudelsky 2012). The present study extends the previous findings to further investigate additional mechanisms and consequences of the increased release of hippocampal glutamate produced by MDMA.
In the present study, the MDMA-evoked increase in extracellular glutamate was suppressed by ketoprofen and nimesulide, but not piroxicam, which is supportive of the involvement of COX-2, rather than COX-1, in the mechanism of MDMA-induced glutamate release. Although the doses of COX inhibitors used in this study were based on those used previously by other investigators (Asanuma et al. 2003; Terao et al. 1998) , we cannot exclude the possibility that these dosage regimens did not selectively and/or effectively inhibit the respective COX isoforms. Nevertheless, the present results are consistent with previous findings that an increase in COX-2 activity in hippocampal tissue results in an increased extracellular concentration of glutamate and exacerbation of glutamate-associated excitotoxicity (Bezzi et al. 1998; Kelley et al. 1999; Sang et al. 2011) . Moreover, reverse dialysis of a major product of COX activity, PGE 2 , also produced a significant increase in extracellular glutamate in the hippocampus. To our knowledge, this is the first in vivo demonstration of glutamate release evoked by PGE 2 exposure. This finding is in accord with data from in vitro (Bezzi et al. 1998; Sanzgiri et al. 1999) wherein it was demonstrated that multiple prostaglandins, including PGE 2 , evoke calcium-dependent glutamate release from astrocytes in brain tissue culture.
There are multiple signaling pathways through which MDMA may increase COX activity and the subsequent production of prostaglandins. MDMA may directly or indirectly activate 5-HT2A/C receptors to increase the release of arachidonic acid, thereby increasing COX activity and prostanoid formation. Indeed, activation of 5-HT2 receptors on glia has been shown to result in arachidonic acid release, presumably through the activation of phospholipase A2 (Garcia and Kim 1997; Mackowiak et al. 2002) . Furthermore, 5-HT2 receptor stimulation has been shown to increase glutamate release from astrocytes in a calcium dependent manner (Bezzi et al. 1998; Meller et al. 2002) . These findings together with our report that MDMA-induced glutamate release is dependent upon 5-HT2 receptor activation and is independent of neuronal activity (Anneken and Gudelsky 2012) support the view that the MDMA-induced increase in extracellular glutamate is the result of: 1) increased 5-HT release and a resulting 5-HT2A/C receptor-dependent activation of COX, 2) an increased formation of prostanoids and 3) a prostanoid-induced release of glutamate from astrocytes.
Until recently, there has been little evidence that MDMA produces persistent deficits in neurotransmitter systems beyond 5-HT axon terminals. Perrine et al. (2010) has demonstrated that repeated treatment with MDMA reduces the hippocampal concentration of GABA. Armstrong and Noguchi (2004) Previous studies have indicated that MDMA produces neuronal degeneration in the hippocampus under in vivo and in vitro conditions (Meyer et al. 2004; Riezzo et al. 2010; Wang et al. 2009 ). MDMA treatment increases caspase-3 and TUNEL staining and promotes apoptotic cell death in cultured hippocampal neurons (Capela et al. 2012) . On the basis of the results of the present study, it is tempting to propose that MDMA-induced cell death occurs in GABAergic neurons within the hippocampus.
In the present study, ketoprofen suppressed not only the MDMA-induced increase in glutamate release but also the MDMA-induced reduction in parvalbumin-positive GABA neurons in the hippocampus. Thus, COX activity and neuroinflammatory products also appear to contribute to the mechanism of MDMA-induced deficits in GABA neurons. In view of the inhibitory effect of ketoprofen on MDMA-stimulated glutamate release and the sensitivity of parvalbumin-positive GABA neurons to glutamate-mediated damage (Sanon et al. 2005) , it is suggested that MDMA-induced damage to GABA neurons involves glutamate-mediated excitotoxicity. Additional studies are necessary to establish a causal relationship between these two phenomena.
Although inhibition of COX activity with ketoprofen greatly attenuated the MDMA-induced release of glutamate, it did not prevent the long term depletion of 5-HT in the hippocampus following repeated MDMA treatment. Thus, it appears that neither neuroinflammatory mediators nor glutamate excitotoxicity is a contributing factor in MDMAinduced 5-HT depletion. This finding is in agreement with earlier work by Farfel and Seiden (1995) who reported MDMA-induced 5-HT depletion to be insensitive to NMDA receptor antagonists under hyperthermic conditions.
Repeated exposure of rats to MDMA has been to shown to produce deficits in reference memory (Able et al. 2006; Asi et al. 2011; Cunningham et al. 2009; Kay et al. 2011; Skelton et al. 2006 ), a function subserved by the hippocampus, and in particular the dentate gyrus (Morris et al. 2012; Okada and Okaichi 2009) . Moreover, human abusers of MDMA exhibit deficits in verbal memory (Burgess et al. 2011; de Sola Llopis et al. 2008; Raj et al. 2010) , and altered function of GABA interneurons in the hippocampus (Jacobsen et al. 2004) . Further studies are warranted to investigate the hypothesis that MDMA-induced impairment of GABA interneurons in the hippocampus underlies the cognitive impairments associated with repeated exposure to MDMA.
In summary, the data are consistent with the hypothesis that MDMA produces damage to GABA neurons within the hippocampus through a mechanism involving enhanced formation of neuroinflammatory mediators and a subsequent increase in glutamate release.
